HISTORY
Nitrous oxide (N 2 O) is the oldest known anaesthetic agent. Joseph Priestly first discovered "dephlogisticated" or "factitious" air in 1772. Humphrey Davy noted its analgesic and anaesthetic properties in 1800, but it remained a recreational drug ("laughing gas") until 1884, when Horrace Wells used it as an anaesthetic agent during dental extractions. In 1881 Stanislav used N 2 O for the treatment of angina pectoris, and in 1969 Ruben completed a study citing more than three million N 2 O-oxygen sedations without mishap. 1 Since then N 2 O has gained widespread acceptance and is the most frequently used inhalational anaesthetic agent, usually in conjunction with a volatile gas. It is still the agent of choice in dental practice, and a standard analgesic used in prehospital care and obstetrics.
PHYSICAL PROPERTIES
N 2 O is a tasteless, colourless gas. It is rapidly absorbed via the pulmonary vasculature directly into the bloodstream and does not combine with haemoglobin or any of the body tissues. This extremely low solubility in blood produces its rapid onset and offset. N 2 O displaces nitrogen and increase the volume of gas in body cavities such as the middle ear, sinuses, pleural space, and gastrointestinal tract. N 2 O has remarkably few side effects. No incompatibility with other drugs has ever been demonstrated.
ANALGESIC/ANAESTHETIC PROPERTIES
In 1967 Parbrook described the four levels of nitrous oxide analgesia.
2 Different levels can be reached rapidly, as arterial tension at the brain will be 90% of that inhaled within minutes. 3 Parbrook emphasised that clinical signs, rather than the absolute percentage of inhaled N 2 O, should identify these zones as there is considerable variation between people. He also emphasised the importance of the patient's pre-existing beliefs. If volunteers expect to fall asleep while inhaling 30% N 2 O then a high proportion do so. An appropriate physical and psychological environment increases the actions of N 2 O and may allow lower doses to be more effective. Unlike many other anaesthetic agents, N 2 O exhibits an acute tolerance effect, whereby its potency is greater at induction than after a period of "accommodation".
MECHANISM OF ACTION
Some writers have suggested that N 2 O, like volatile anaesthetics, causes non-specific central nervous system depression. Others, such as Gillman, 4 propose that N 2 O acts specifically by interacting with the endogenous opioid system. N 2 O is known to act preferentially on areas of the brain and spinal cord that are rich in morphine sensitive cells, 5 and naloxone has been shown to block N 2 O analgesia in a stereospecific manner. 6 In vitro studies have suggested that N 2 O has a partial agonist effect at mu, kappa, and possibly other opioid receptors, while positron emission tomography confirms a concentration of N 2 O activity in the medial thalamic area. 7 Several studies have demonstrated a distinction between the awareness and perception of pain. Concentrations of 15%-45% N 2 O produces quantifiable and meaningful increases in the threshold for both sensation and tolerance of pain. At concentrations below 50%, the analgesic effect of N 2 O follows a linear dose response pattern, 8 although this is influenced by cognitive and other psychological factors. 
CLINICAL STUDIES
Clinical studies focusing on the analgesic properties of N 2 O have shown varying degrees of pain relief. In the following section we have graded published evidence according to the widely recognised criteria described by Sackett et al. 9 In 1964, Parbrook found that inhalation of 20%-25% N 2 O produced a similar analgesic potency to 10 mg-15 mg of intramuscular morphine. 10 [level of evidence 2b] In adults, N 2 O has been used for the reduction of fractures and joint dislocations. 11 12 [level 2b]. It has also been used for the relief of pain from musculoskeletal injuries, wound care, suture removal, ureteric colic, acute abdominal pain, 13 [level 2b] and some uncomfortable diagnostic procedures.
N 2 O has also been successfully used for the relief of myocardial pain, 14 [level 4] while Trinier's small study of the use of N 2 O in migraine showed that 80% of patients achieved symptomatic relief, and did not require rescue medication at one hour. 15 [level 4] In children, many of the published studies are poorly designed and include only small numbers. Nevertheless, a consistent pattern of moderate to good pain relief is seen. Both 50% and 30% N 2 O:O 2 mixtures have been shown to be effective adjuncts to lignocaine (lidocaine) in the repair of lacerations, 16 17 [level 2b] while one more recent and better designed study demonstrated that 50% N 2 O was superior to oral midazolam for this purpose, with a combination of the two agents increasing side effects without additional benefit. 18 [level 1b] 50% N 2 O also compared favourably with intramuscular morphine and sedation in paediatric forearm fracture manipulation. 19 [level 2b] Gregory reported that N 2 O produced similar levels of analgesia to lignocaine Bier's block in paediatric forearm fracture manipulation, 20 [level 2b] but Hennrikus demonstrated less impressive results when comparing 50% nitrous oxide and haematoma block with 50% nitrous oxide alone. 21 22 [level 4] Entonox analgesia has been successfully and safely used in the prehospital setting and in the ambulance service for many years. [23] [24] [25] [26] [27] [28] [29] It is also very useful as a sole agent or adjunct in delivery suites because it is devoid of effects on the baby. 30 
SIDE EFFECTS
Vitamin B12 N 2 O oxidises cobalamin and thereby inactivates vitamin B12, a cofactor of methionine synthetase. The resulting decrease in DNA production can be detected by an abnormal deoxyuridine (dU) suppression test. Abnormal dU tests have been recorded in patients with exposures lasting only two to four hours. Megaloblastosis and other bone marrow findings similar to those of pernicious anaemia are seen after prolonged N 2 O exposure. Prolonged exposure to N 2 O can also cause a myeloneuropathy similar to subacute combined degeneration of the cord. 31 Acute exposure may precipitate a similar clinical syndrome in patients with pre-existing subclinical vitamin B12 deficiency, 32 and depression of white cell formation may also occur. 33 Addiction to N 2 O has occasionally been reported, 34 and misuse should be considered in those presenting with suspicious neurological symptoms or signs.
Cardiovascular effects N 2 O has been shown to produce a fall in cardiac output, stroke volume, PaCO 2 and mean arterial pressure with a rise in peripheral resistance, [35] [36] [37] but these changes are similar to those seen when subjects inhale 100% oxygen. 35 Some papers have cited a direct myocardial depressant effect of N 2 O, which is most marked in patients with reduced cardiac reserve. It has also been shown to cause mild increases in pulmonary vascular resistance in normal subjects, but a more marked response in those with pre-existing pulmonary hypertension. N 2 O should therefore be avoided in pulmonary oedema or patients with pulmonary hypertension, particularly mitral stenosis.
Respiratory system N 2 O in sub-anaesthetic doses has no direct respiratory effects. In common with other inhalational anaesthetics, tidal volume decreases as the inspired concentration rises. However, this effect is offset by an increase in respiratory rate. Stewart's experiments on healthy volunteers breathing Entonox demonstrated that the net effect is a rise in arterial oxygen saturation and a slight fall in PaCO 2 .
38 N 2 O profoundly depresses the ventilatory stimulation produced by both hypoxia and hypercarbia, and this can potentiate the apnoea caused by the concomitant administration of any respiratory depressant.
Gastrointestinal
Opinion is polarised as to whether or not N 2 O causes nausea and vomiting. 39 40 It can certainly increase intestinal and middle ear volumes, which may in turn lead to nausea. Although vomiting has not been reported in trials where exposure is comparatively limited a recent meta-analysis of 10 studies has confirmed an association between postoperative emesis and N 2 O. 41 
EQUIPMENT
In the emergency department N 2 O is usually supplied by one of two different systems:
"Entonox" is a pre-prepared 50:50 mixture of N 2 O and oxygen. This is supplied in blue cylinders with blue and white quarters on the neck. The cylinder of mixed gases is pressurised to approximately 13 700 kPa (1980 psi). Cylinders of Entonox are attached to a patient delivery system that incorporates a two stage valve. The first stage acts as a pressure reducing valve, while the second is a "demand valve", that only allows gas to flow when the pressure is below atmospheric (that is, the patient supplies a negative pressure through inhalation). The patient either holds a tight fitting mask to their face or applies the necessary suction via a mouthpiece. This demand system makes overdose almost impossible, because as the patient's conscious level falls the mask or mouthpiece will no longer be retained in position, causing room air to be inhaled.
The second method of providing N 2 O is via a piped wall supply or directly from cylinders of nitrous oxide, which have a blue body and neck and are filled to a pressure of 4400 kPa (638 psi). In this situation the N 2 O is mixed with oxygen using a machine designed for the purpose (for example, an anaesthetic "Boyle's" machine or the Ohmeda "Quantiflex" system). This permits high gas flows and a wide range of N 2 O concentrations, but runs the risk of inadvertently delivering a hypoxic mixture. Therefore where such systems are used specific safety measures must be in place (see below).
SAFETY
The greatest risk in administering N 2 O is that a hypoxic mixture will be delivered. While Entonox delivery has the inbuilt safety mechanism described above, and the "pin index" system ensures that only the correct cylinder can be attached to anaesthetic equipment, there is a theoretical risk that if an Entonox cylinder falls below a certain temperature (termed the "pseudo-critical temperature") the N 2 O will separate out as a liquid. 42 This will cause gas delivered from such a cylinder to be initially very rich in oxygen, falling to hypoxic levels as the cylinder is emptied. However, as the "pseudo-critical temperature" is −5.5°C this is rarely a risk in practice. On the other hand, when N 2 O is delivered by other means the risk of hypoxia is very real. This was starkly emphasised by the recent tragic death of a 3 year old girl, who was inadvertently given N 2 O instead of oxygen in an emergency department resuscitation room. A subsequent document from the Royal College of Anaesthetists, supported by a position statement by the Faculty of Accident and Emergency Medicine, 43 indicates that machines used to deliver N 2 O must be properly checked, incorporate an anti-hypoxia linkage, and also possess a functioning oxygen analyser with a low concentration alarm in the common gas outflow or breathing system. Virtually all modern equipment will meet these criteria, but as emergency departments are often the last destination of antiquated anaesthetic machines (and that involved in this tragedy was 17 years old), it is essential that all departments conform to these standards, and that N 2 O is only administered by appropriately trained clinicians. N 2 O has been shown to accumulate in inadequately ventilated operating theatres, and levels in excess of the recommended 100 parts per million may occur in the emergency department after only a few minutes use of Entonox. 44 Wherever possible it should be used in a large, well ventilated area for as short a time as is necessary. When using piped N 2 O, an efficient scavenging system should be used, and all equipment must be regularly checked for leaks.
In some animal models N 2 O has been proved to be directly teratogenic, because of its inactivation of vitamin B12. 45 A review of the published data indicates that properly administered N 2 O with a scavenger system does not increase the incidence of spontaneous abortions, infertility or teratogenicity in exposed pregnant women. 46 N 2 O should not be given to patients after head injury or to anybody with an impaired mental state. It should also not be given to patients with significant cardiac failure as they often require higher oxygen concentrations, and N 2 O may have a negative inotropic effect in patients who are already suffering myocardial decompensation.
47 N 2 O is far more soluble than nitrogen and will diffuse into enclosed pockets of air, expanding their volume. It is thus contraindicated in patients with pneumothoraces or bullous lung disease, decompression sickness, air embolism, otitis media, or those with bowel obstruction or intracranial air collections. Finally, because of its effects on DNA and potential teratogenicity, N 2 O use should be restricted in the first two trimesters of pregnancy and in patients with B12 deficiency, folate deficiency, or known immunosuppresion.
CONCLUSION
N 2 O enjoys a non-invasive mechanism of delivery, very few side effects or contraindications, simplicity of use and a rapid onset and offset, bringing it close to the ideal analgesic agent for use in emergency medicine. "Entonox" is a safe and effective preparation that is well established in prehospital care, delivery suites and emergency departments, and that incorporates mechanisms that virtually guarantee its safety. In general, evidence supporting the use of N 2 O in other forms is of a poor quality, and merits further study. In the absence of such evidence it could be argued that the use of other delivery systems, such as a Boyle's machine, entails an unacceptable clinical risk without clear benefit. We, however, believe that in view of its excellent overall safety record 1 it is a better choice than many other agents currently in use, and adherence to the safety measures outlined above will ensure that there is no repeat of a recent tragedy. Overall, N 2 O has a comprehensive record spanning many decades and millions of patients: its versatility and clinical effectiveness continue to commend it as an analgesic agent that is as useful in the 21st century as it was in the 19th century.
